Benznidazole is considered the first-line treatment option against Chagas disease. The major drawback of benznidazole is its toxicity profile. The main objectives of this study were to describe the adverse events (AEs) in patients with chronic Chagas disease treated with benznidazole, determine the risk factors involved and compare the toxic profiles of two different preparations of the drug from ELEA and Roche. A total of 746 patients were diagnosed with Chagas disease in a 5-year period, and of these 472 were treated with benznidazole. A high proportion of patients (n ‫؍‬ 360 [76%]) suffered AEs, the most frequent being those related to hypersensitivity (52.9% of patients), headache (12.5%), and epigastric pain (10.4%). In 72 (12.7%) cases, treatment was discontinued. Overall, women had a higher incidence of AEs compared to men (81.3% versus 66%, P ‫؍‬ 0.001) and were subject to higher levels of hypersensitivity-related events. Dermatological events, digestive tract manifestations, and general symptoms had a greater likelihood to appear around day 10 and neurological AEs around day 40 after starting treatment. With respect to liver function and hematological tests, the majority of patients did not suffer significant perturbation of liver enzymes or altered blood cell counts. However, 14 patients suffered from neutropenia, and 14 patients had aminotransferase levels that were more than four times the upper limit of the normal range. Patients treated with the ELEA benznidazole product experienced more arthromyalgia, neutropenia, and neurological disorders (mainly paresthesias) than those treated with the Roche product. Both drug products resulted in approximately the same percentage of permanent withdrawals.
C
hagas disease, one of the considered neglected tropical diseases, remains a public health problem in Latin America, and a new challenge in countries where the disease is not endemic. Its causative agent, Trypanosoma cruzi, was first discovered by Carlos Chagas in 1909 (1) . Prevention strategies, access to accurate diagnosis, and an affordable treatment are the main actions that can be offered to patients.
The current therapeutic scenario is limited to nifurtimox, derived from nitrofuran, and benznidazole, a nitroimidazole derivate. Nifurtimox was launched by Bayer in 1965 and benznidazole was launched by Roche in 1971 (2) . Unfortunately, therefore, over the last 50 years the treatment of Chagas disease has remained unaltered. These two drugs have been shown to be curative in the acute phase of the disease, with parasitological cure rates ranging from 60 to 85% rising to 100% in congenitally transmitted cases. However, in the chronic phase of the disease, cure rates of only 15 to 40% are achieved (3) . The major drawback of both drugs is their toxicity profile. The severity of the adverse events (AEs) leads to permanent withdrawal of treatment in 6 to 40% of patients receiving nifurtimox and 7 to 30% of those receiving benznidazole (3, 4) . Despite limited cure rates for both compounds, during the chronic phase, due to its availability and better tolerance compared to nifurtimox, benznidazole is considered the first-line treatment option against Chagas disease regardless of clinical phase (5) .
Benznidazole provokes a broad spectrum of adverse effects. The most common are those related to hypersensitivity, such as dermatitis, which occurs in 29 to 50% of patients, while digestive tract intolerance appears in 5 to 15% of patients. General symptoms such as anorexia, asthenia, headache, and sleeping disorders are present in up to 40% of patients. Neuropathy is present in almost one-third of the patients, but this only represents a relevant clinical problem in a small percentage of patients (6) . Depression of bone marrow is another important side effect that can be manifested as neutropenia, agranulocytosis, or thrombocytopenia (6) . Although this AE is considered rare (reported among fewer than 1% of patients), its very nature makes it one of the most serious.
Benznidazole was developed and then commercialized over a long period by Roche. In 2003, the license and technology were transferred to LAFEPE (Laboratório do Estado de Pernambuco), making this Brazilian state pharmaceutical laboratory the sole producer of benznidazole. Initially LAFEPE produced batches of the final product with the active ingredient donated by Roche. However, in 2010 due to a series of logistic problems, the production and distribution of benznidazole were withdrawn, leading to a worldwide shortage of the drug. Not until early 2012, did a new manufacturer, ELEA, a private pharmaceutical company based in Argentina, announce that it had produced and registered generic benznidazole.
The main objectives of the present study were to describe the adverse events found in our large cohort of chronic Chagas disease patients treated with benznidazole, to determine the risk factors involved, and to compare the toxic profiles of the two different commercial preparations of the drug.
MATERIALS AND METHODS
This prospective observational study was performed in the Infectious Diseases Department of the University Hospital Vall d'Hebron, a tertiary hospital, included in The International Health Program of Catalonian Health Institute, PROSICS Barcelona, Spain.
Study population and data collection. All patients presenting with Chagas disease who attended PROSICS Barcelona from June 2008 to June 2013 and were treated with benznidazole are included in the present study. The following clinical and epidemiological data were collected: age, gender, country of origin, time since arrival in Spain, clinical symptoms, comorbidities, visceral involvement study, and completion of treatment. Cardiac involvement was assessed through a physical examination, 12-lead electrocardiogram, and chest X-ray. For the gastrointestinal involvement assessment, physical examination, esophagogram, and barium enema were undertaken; radiological evaluation was performed on all patients independent of their symptoms. Eosinophilia was defined as an eosinophil cell count of Ն500 cells/l and/or a percentage of Ն7%. Neutropenia was considered present when the absolute neutrophil count was under 1,000 cell/l. The study protocol was approved by the institutional review board of the hospital and verbal informed consent was obtained from all patients.
Diagnosis of Chagas disease. Diagnosis of Chagas disease was confirmed by two seropositive results from three different enzyme-linked immunosorbent assays (ELISAs): Bioelisa Chagas (Biok, Spain), Ortho T. cruzi ELISA (Jonhson & Johnson, USA) or ELISA cruzi (bioMérieux, France). When serological tests were discordant, sera were tested by an in-house Western blot method using a lysate from T. cruzi epimastigotes to confirm the diagnosis (7) .
Treatment protocol. Treatment with benznidazole was offered to all patients diagnosed with Chagas disease who were less than 50 years old. Benznidazole at a dose of 5 mg/kg/day (maximum, 300 mg/day), divided into three doses, was administered for 60 days. Patients were assessed at the baseline and on days 15, 30, and 60. A structured patient interview focused on AEs, and hematological and biochemical analyses were performed at each visit. According to the severity of AEs, the responsible physician determined whether to stop therapy permanently or interrupt temporarily the drug's administration. In both situations, concomitant treatment was administered to the patients (corticosteroids or antihistamines). In cases of moderate adverse reactions, the drug was reintroduced using a stepwise increasing dose regimen (starting from 12.5 mg/24 h) when the previous AE symptomology had disappeared. Patients were informed to feel free to come to the hospital whenever they have any AE. The choice of manufacturer was based on commercial availability. Patients diagnosed before 2012 were treated with Lafepe-Roche's benznidazole, and those diagnosed beyond 2012 were treated with ELEA's benznidazole.
Statistical analysis. Continuous variables were compared to the Mann-Whitney U test and expressed as the medians and interquartile ranges (IQRs). Categorical variables were compared to the chi-squared test or Fisher test when the expected frequency was Յ5 and presented as absolute numbers and proportions. A linear mixed-effects model for repeated measures was used to compare white blood cells and liver enzymes values over time. Univariate analyses were performed, and only those variables which were statistically significant were included in the logistic model. A stepwise regression with forward selection of variables was used. Separate logistic models for each outcome were constructed. SPSS software for Windows (verson 15.0; SPSS, Inc., Chicago, IL) was used for statistical analyses.
RESULTS
A total of 746 patients were diagnosed with Chagas disease in the 5-year period of the present study. Of these patients, 472 were treated with benznidazole. The major cause for not treating the patients was the loss to follow-up (201 patients, 73.3%), mainly during the shortage period of benznidazole, so we did not even have the opportunity to offer them the treatment. Fifty-three patients (19.3%) were recently diagnosed, and treatment had not yet been initiated. Twenty patients (7.3%) were not treated because they were more than 50 years old (the age limit according to in- ternational recommendations for treatment). Among treated patients, 322 (68.2%) were women, most were originally from Bolivia (92%), and they had a median age of 37 years (range, 31 to 44 years). No differences were found regarding the baseline characteristics of the patients according the treatment used (Table 1) . Fifty-five (11.6%) patients were considered to have chagasic myocardiopathy, 80 (18%) had digestive tract involvement, and in 21 (4.4%) cases there was a mixed form (both cardiac and digestive forms). A high proportion of patients (360 patients, 76%) had one or more AEs. Hypersensitivity phenomena (250 patients, 53%) with a dermatological involvement in all patients but one were the most frequents followed by headache (59 patients, 12.5%) and epigastric pain (49 patients, 10.4%). For more details, see Table 2 .
As a consequence of the AEs, treatment was temporarily interrupted in 31 (6.5%) patients, while in 72 (12.7%) cases benznidazole was permanently withdrawn. The major reason for discontinuing treatment was dermatitis in 44 (74%) patients. Four of these individuals fulfilled clinical and analytical criteria of DRESS syndrome (i.e., drug reaction [or rash] with eosinophilia and systemic symptoms). There were not any association between the clinical involvement and the incidence of any AE.
Women Table 3 . (Fig. 1) .
Clinical laboratory tests revealed that most patients did not suffer from marked changes in liver enzymes and blood cell count (leukocytes, erythrocytes, and platelets). On day 30, there was a significant increase in transaminase titers and a significant decrease in white blood cells counts (P Ͻ 0.001). Despite this decline in leukocytes, they remained within the normal range. After treatment was terminated in these patients, all parameters returned to normal (Fig. 2) . Fourteen patients suffered from neutropenia (neutrophils under 1,000 cells/l) with a median of 425 cells/l (range, 300 to 600 cells/ l), and another 14 patients had aminotransferase levels that were more than four times the upper limit of the normal range. In addition, five patients discontinued therapy because of their neutrophil levels, and one patient discontinued therapy due to severe hepatotoxicity.
The change of benznidazole manufacturer was not associated with a higher overall incidence of AEs. Nonetheless, those patients treated with ELEA's benznidazole experienced more general symptoms (mainly arthromyalgia), more neutropenia, and more neurological disorders, mainly paresthesia. Both drug products had a similar percentage of withdrawals. Details are given in Table 3 .
DISCUSSION
Despite the modest cure rates, benznidazole remains the best treatment option against Chagas disease. Given the current scenario of limited therapeutic options, we will continue using benznidazole for the disease's treatment for the time being (3). The high incidence of AEs represents the most important disadvantage of the drug's use, constraining its efficacy, by provoking permanent interruption in therapy in ca. 15% of patients (8) .
Despite the important constraints that benznidazole's toxic profile represents for its clinical use, the mechanisms leading to its toxicity and even the drug's mechanism of action are still not fully understood. The enzymatic reduction of its nitro group results in the production of several metabolites. The direct interaction of these metabolites with significant cellular constituents, their accu- mulation, the allergic response they elicit, or even a combination of all of these factors could be the reason for the compound's toxicity (8) (9) (10) (11) .
The published incidence of AEs varies from 40 to 50% up to 98% of patients (4, 6, 8, (12) (13) (14) (15) (16) (17) . The data from our study are in the middle of the published ranges (76%). Apart from the high variability, probably due to subjectivity in both answering the questions and interpreting patient responses, what all studies have in common is a high incidence of side effects linked to benznidazole treatment.
The most common AE observed in our study was hypersensitivity, with a high proportion of cutaneous toxicity (249 of 250 patients [99.6%]), as is the case in the vast majority of the abovementioned studies. Although mechanistically its toxic pathway has not yet been studied, it is suspected to be an allergic phenomenon and probably IgE mediated. More than 50% of our patients suffered from hypersensitivity, and it was also the leading cause of treatment interruption. Four patients, also fulfilled criteria for DRESS syndrome, although a skin biopsy was only performed in two of these individuals. This serious AE appeared between days 10 and 14 of treatment.
General symptoms range widely from one study to another, due to the difficulty in assessing them accurately, something which makes cross-study comparisons difficult. In addition, laboratory parameters, although certainly more objective, are not always monitored or reported in many studies. In the case of liver enzymes in our study, we have observed a significant increase in alanine and aspartate aminotransferase titers on day 30 of treatment. Although the proportion of patients suffering moderate to severe increases in these liver enzymes is supposed to be low according to previous published papers (8), we had 29 patients who reached more than three times the upper limit of normality, which led in one case to a permanent halt in treatment.
Regarding the hematological parameters, neutropenia is considered one of the most serious AEs, but, fortunately, it is extremely rare. Over the monitoring period, we also witnessed a significant decrease in neutrophils by day 30 of treatment. In most cases, the white blood cell count did not fall significantly, but 14 (4.2%) patients had levels under 1,000 neutrophils/l. Only one individual was admitted to hospital, but this individual made a complete recovery and was later discharged. The higher rate of either neutropenia or hypertransaminasemia observed in our study might be explained by improved close monitoring of patients as has happened in other studies (15) .
There are some AEs which have a certain temporal pattern. Dermatological manifestations and digestive symptomatology tend to appear around day 10 of treatment, whereas neurological disorders tend to appear after day 40 of treatment. The pattern of appearance of symptoms has been attributed to the toxicity mechanism inherent to each AE. In the case of cutaneous toxicity, the allergic hypothesis might provide some insights into its early appearance. Neurological disorders have been related to the cumulative total dose; therefore, the presence of polyneuritis or dysgeusia might be directly proportional to the time needed to reach a toxic threshold (estimated to be 18 g) (8, 10) .
Among the risk factors associated with overall AEs, one increased risk factor appears to be gender. Limited studies have been undertaken to study this, but where evaluated, the data Data are reported as the number (%) of patients or the median P value (confidence interval). In addition to standard P value calculations, data in the P* column were determined by multivariate logistic regression analysis. These results are expressed as P values and their respective 95% confidence intervals. Boldfacing is used to indicate statistical significance.
b Note that one patient suffered from both neurological adverse events (AEs).
c These numbers correspond to the median age of the patients suffering from the stated AE versus the age of those not having the adverse event.
point to an increased risk of developing toxicity, in women (4, 12) . In our study, there was a higher overall incidence of AEs in female compared to male patients, mainly due to side effects categorized as general symptoms (headache, astenia, drowsiness, etc.). We also observed a trend in hypersensitivity-related events, but this was without statistical significance. Some authors have suggested that women have higher nitroreductive activity, and given that this is important in benznidazole metabolism, there could exist a physiopathological basis for the higher incidence of AEs in females (9) . Other classical risk factors are the age of the patient and the duration of the treatment. In our study, it was intended to treat all patients for 60 days; however, this goal could not be analyzed. Furthermore, age had an impact on the occurrence of neurological disorders, but we did not observe any correlation of age with other AEs or treatment compliance (the number of patient withdrawals), probably because of the narrow age range of the patients studied. In summary, despite the wide use of benznidazole and the high incidence of reported AEs, there still remains a lack of knowledge over the risk factors to be considered when the drug is used and the mechanism(s) surrounding its toxicity.
The disruption in the supply of benznidazole from LAFEPE was followed by the emergence of the new manufacturer ELEA. We observed that the benznidazole produced by ELEA (Abarax) was associated with more cases of neurological disorders (mainly neuropathy) and a greater incidence of neutropenia (almost reaching statistical significance) but, fortunately, without any clinical relevance. Both types of events have been attributed to a cumulative-drug mechanism. The data from comparative pharmacokinetics would be extremely valuable in order to better understand the differences observed between the ELEA and Roche products.
Beyond the extent and type of AEs, the number of withdrawals is what represents the greatest loss to the overall efficacy of benznidazole (17) . We had to interrupt the treatment of almost 13% of our patients which is consistent with the average of previously reported studies (4, 6, 8, (12) (13) (14) (15) (16) (17) . Therefore, strategies focused on reducing AEs and consequently achieving better therapy completion rates are strongly recommended. The addition of antioxidant agents such as thioctic acid has previously failed to prevent AEs (18) . Low-fat and hypoallergenic diets have also been proposed as a means to reduce AEs, but their benefits have not yet been evaluated (8) . There is also controversy over the relationship between drug concentrations and AEs. Although some authors hypothesize that there could exist a direct correlation with drug exposure (4, 19) , others have not found any association between serum drug concentration and adverse reactions (15) . At this time, what seems the most effective strategy is to offer patients a close follow-up in order to monitor AEs and to then deal with these early. In accordance, with the time of first appearance of the overall AEs, it would appear that the most reasonable approach is to supervise patients closely during their first month of benznidazole therapy.
We note that benznidazole has a high incidence of undesirable side effects, most of which are treatable or reversible but which unfortunately lead to treatment interruption in a significant number of patients. Cutaneous manifestations are the most frequent AE and represent the major cause of treatment discontinuation. Women appear to be more susceptible to developing AEs, but this does not lead to increased discontinuation of treatment in female patients. The newer ELEA benznidazole product was associated with an increased risk of neurological disorders and general symptoms, mainly arthromyalgia. Close follow-up of patients during the duration of treatment is required, most notably during the first month and ideally with additional monitoring through blood tests whenever possible.
